Introduction {#Sec1}
============

Angiogenesis, the development of new blood vessels, is crucial for tumor growth. An established tumor needs nutrients and oxygen from the blood in order to grow and spread, and then several angiogenic factors are induced to promote the growth of new blood vessels. If the growth of blood vessels is blocked, the tumor will shrink or even disappear^[@CR1]^. Several anti-angiogenic agents (for example, bevacizumab and sorafenib^[@CR2],[@CR3]^) have been approved by the FDA because of their contribution to survival improvement when combined with chemotherapy or radiation in patients with advanced malignancies^[@CR4],[@CR5]^. However, many angiogenesis inhibitor candidates are low molecular weight compounds with poor solubility and permeability and have short plasma circulation times. This limits their further clinical development due to low free drug concentration at the therapeutic target^[@CR6]^. So, development of more effective targeting ligands to treat highly vascularised tumors remains as a great medical need.

The development of polymer-drug conjugates as prodrugs provides a chance to overcome these disadvantages and improve the pharmacokinetic (PK) properties and bioavailability of potential angiogenesis inhibitors^[@CR7],[@CR8]^. Polymer-drug conjugates enter tissues only through gaps in angiogenic vessels, therefore with improved selectivity and reduction of systemic side effects^[@CR9]^. Folkman's group pioneered the concept of angiogenesis modulation and its potential impact on cancer therapy. In mice, they found that angiogenesis inhibitor-copolymer conjugates did not cross the blood-brain barrier and they accumulated less in normal organs, resulting in lower neurotoxicity^[@CR10]^. They also demonstrated that conjugation of the potent, broad-spectrum angiogenesis inhibitor TNP-470 to monomethoxy-polyethylene glycol-polylactic acid to generate an oral formulation of nanopolymeric micelles improved TNP-470 inhibition of tumor angiogenesis in mice, and the conjugate did not cause neurotoxicity^[@CR11]^. Akullian *et al*. developed an anti-angiogenic agent using XMT-1191-poly(1-hydroxymethylethylene hydroxymethyl formal) conjugate (XMT-1107) that enhanced anti-angiogenic and antitumor activity compared to its *in vivo* release XMT-1191 product. Additionally, XMT-1107 has enhanced anticancer activity compared to known anti-angiogenic agents TNP-470 and clinically effective sunitinib in a Caki-1 HTX model^[@CR12]^. In a phase I study, Bendell *et al*. found that XMT-1191-poly(1-hydroxymethylethylene hydroxymethyl formal) conjugates inhibit methionine aminopeptidase 2 in leukocytes at all dose levels, with complete inhibition throughout a 21-day cycle in 6/7 patients evaluated for pharmacodynamics at doses above 325 mg/m^2^ (NCT01011972)^[@CR13]^.

RGD (Arg-Gly-Asp) as the first anti-angiogenic small molecule targeting the integrin αvβ3 has attracted much attention. Cilengitide, a cyclic RGD-containing peptide, has finished clinical phase III for treatment of glioblastomas^[@CR14],[@CR15]^. However, cilengitide failed to meet the primary endpoint of significantly increasing overall survival in certain patients with newly diagnosed glioblastoma^[@CR16]^. It is now clear that the integrin αvβ3 receptor is more complex than initially thought^[@CR17]^. Through this receptor, the thyroid hormones thyroxine (T~4~) and triiodothyronine (T~3~) activate the mitogen activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) signal transduction pathways that are linked to tumor cell proliferation^[@CR18]^. From a molecular aspect, RGD peptides block the T~3~ receptor site, but cannot inhibit cell proliferation at the T~4~/T~3~ receptor site.

Diamino propane tetraiodothyroacetic acid (tetrac), named DAT, is a thyroid hormone derivative. It blocks the actions of agonist hormone analogs at both the T~4~/T~3~ receptor site and the T~3~-specific receptor site on integrin αvβ3 and controls proliferation of tumor cells^[@CR19]--[@CR23]^. The increased αvβ3 binding affinity of DAT versus tetrac is due to the addition of the basic moiety diamino propane (cationic) that enhances the binding into the RGD domain (aspartic acid, anionic pocket). Tetrac and its derivative DAT are hydrophobic in nature with limited aqueous solubility due to hydrophilic moieties within DAT including the COOH and the diamino propane upon raising the pH to form salt. However, low molecular weight DAT as a thyroid hormone derivative is able to diffuse normal vasculature and internalize into cells and therefore may influence gene expression^[@CR24]^. DAT at the thyroid hormone receptor differentially regulates expression of several hundred specific genes relevant to cell division, anti-apoptosis, and angiogenesis, including *VEGF, bFGF, PDGF, EGF, EGR*^[@CR17],[@CR24],[@CR25]^.

Conjugation of a biodegradable polymer with a hydrophobic small molecule such as tetrac derivative DAT may also enable imaging^[@CR8]^. Kang *et al*. investigated tetrac-conjugated liposomes for tumor angiogenesis imaging. They used these small anti-angiogenic molecules with high binding affinity to integrin αvβ3 for the targeted delivery of liposomes to tumor tissues that express integrin αvβ3^[@CR26]^. Dehshahri's group recently reported that tetrac-conjugated polyethylenimine nanoparticles (NPs) can be used for targeted delivery of plasmid encoding *IL-12* gene into these αvβ3 overexpressing cells^[@CR27]^. These recent developments of biodegradable polymer NPs represent a revolution in medicine and may lead to safer, more effective, and patient-specific therapeutics^[@CR28]--[@CR31]^. However, *in vivo* targeted drug delivery experimental results are still lacking.

We recently reported a strategy to synthesize tetrac-conjugated poly (lactic-co-glycolic acid) (PLGA) NPs^[@CR32]--[@CR34]^. Void PLGA NPs were prepared with a single emulsion method, followed by conjugation with tetrac on the surface of the PLGA NPs. The PLGA-tetrac NPs with large diameter not only reduced the side effects in mice by restricting the amount of tetrac taken up by cells, but also significantly improved the tumor bioavailability because of the enhanced permeability of tumor vasculature and the lack of lymphatic drainage---this is the enhanced permeability and retention (EPR) effect^[@CR10],[@CR35]--[@CR39]^. However, the density of tetrac on the NP surface is hard to control, and a loss of tetrac bioactivity was found following this chemical conjugation method^[@CR33]^. We anticipate that the use of a high pressure microfluidizer will assist in optimizing DAT density. Therefore, design of site-specific linkers that do not affect a drug's bioactivity and that minimize the polymer-drug conjugate's heterogeneity is clearly the key step needed to move nanocarrier drug products into the clinic.

Herein, we report a general method to prepare DAT-conjugated PLGA NPs (NDAT) in water using a microfluidizer, starting from DAT-conjugated PLGA (PLGA-DAT). Because DAT is conjugated to the polymer *via* amide bonds and the amide bonds are hydrolytically stable, systemic toxicity due to DAT is avoided. NDAT has a longer plasma circulation time and enhances the possibility of NDAT binding thyro-integrin αvβ3 receptors, and NDAT as a NP would prohibit DAT access to the cell nucleus. We used poly (vinyl alcohol) (PVA) and deoxycholic acid (DCA) as emulsifiers to stabilize the NPs. A high concentration of emulsifier used without therapeutic effect is still a safety concern, for example, 5% PVA injected subcutaneously (s.c.) caused anemia and infiltrated various organs and tissues^[@CR40]^. Highly concentrated PVA solution can increase osmolality and cause pain on injection^[@CR41]^, and it may also influence the NPs' bioactivity and binding with protein and then synergistically affect the biological fate of the NPs *in vivo*^[@CR42]--[@CR44]^. Here, a tangential flow filtration (TFF) method was used to remove the PVA.

Multiple experimental models were used to study DAT and NDAT properties *in vitro* and *in vivo*. To compare DAT and NDAT *in vitro*, we did an αvβ3-ligand binding assay and also studied the intracellular uptake and distribution of DAT and NDAT in U87 glioblastoma cells. In addition, we used LC-MS/MS to investigate the pharmacokinetics of DAT and NDAT in mouse plasma and their biodistribution in plasma and harvested organs from mice following administration of DAT and NDAT. In a different mouse model, we measured tumor weights from mice with U87 glioblastoma xenografts after NDAT treatment. Finally, experiments were done to study the efficacy of inhibition of angiogenesis by DAT and NDAT in a chick chorioallantoic membrane (CAM) model. Our current report supports the development of the next generation of DAT conjugated to NPs for cancer therapeutics.

Results and Discussion {#Sec2}
======================

Characterization of DAT and PLGA-DAT {#Sec3}
------------------------------------

PLGA-DAT consists of a hydrophobic biodegradable PLGA block and DAT tethers, conjugated *via* amide bonds as shown in Fig. [1a](#Fig1){ref-type="fig"}. The amine group of DAT is conjugated to the *N*-hydroxysuccinimide ester-activated carboxyl group *via* a diamino linkage. Further synthetic details for DAT and PLGA-DAT are provided in Supplementary Fig. [S2](#MOESM1){ref-type="media"}. The presence of 79% of lactide units makes the biodegraded polymer more hydrophobic and thus it degrades more slowly because it absorbs less water^[@CR45]^. The 79% of lactide units number was calculated from ^1^H NMR spectra using the known molecular weight of DAT, and DAT content was 12.9% in the resultant PLGA-DAT, calculated based on the repeat number of lactide and glycolide units.Figure 1(**a**) Chemical structure and schematic illustration of the synthesis of diamino tetraiodothyroacetic acid (DAT)-conjugated PLGA (lactide:glycolide 79:21). (**b**) ^1^H NMR spectra in DMSO-D6 and assignments of signals of DAT (bottom) and PLGA-DAT (top).

For DAT, all the characteristic ^1^H NMR peaks were present (Fig. [1b](#Fig1){ref-type="fig"}), indicating that the noncleavable linker was conjugated to tetrac: diamino linkage (-C*H*~2~- of alkyl chain 1.94, 2.63 and 3.10 ppm), aminopropanol linkage (-C*H*~2~- of alkyl chain 1.65, 2.55 and 3.92 ppm), methylene group in the phenylacetic acid (3.17 ppm), and benzene ring (-Ar*[H]{.ul}*- groups at 7.14 and 7.77 ppm). This noncleavable linker may help to avoid nonspecific release of tetrac and tune affinity for the transporter. After DAT was conjugated to PLGA, all characteristic NMR peaks of the PLGA blocks were present (Fig. [1b](#Fig1){ref-type="fig"}): (lactide units C*H*~3~-- and --C*H*-- at 1.49 ppm and 5.22 ppm, glycolide units --C*H*~2~-- at 4.91 ppm) and tetrac peaks a', b' (7.17 ppm, 7.88 ppm of its -ArH- groups). Peak h' at 3.69 ppm in the PLGA-DAT spectrum was downfield-shifted from 3.10 ppm (peak h, the CH~2~ group in DAT), as was peak j' at 2.60 ppm from 1.94 ppm (peak j, CH~2~ group in DAT). DAT peaks e (2.63 ppm), f (2.55 ppm) were shifted to 2.55 ppm (e'), 2.50 ppm ('f') in the PLGA-DAT spectrum. PLGA-DAT conjugation was also characterized with ^13^C NMR spectra (Supplementary Fig. [S3](#MOESM1){ref-type="media"}). Only five major resonances from the PLGA polymer chain were apparent in the ^13^C NMR spectrum. Methyl and methine carbons of polylactide are at 20.28 and 72.47 ppm, respectively. Methylene carbons of polyglycolide are at 64.51 ppm, and 167.06 and 169.61 ppm peaks are from the carbonyl groups of PLGA. However, the expected carbon signals from DAT were not identifiable in the PLGA-DAT ^13^C NMR spectrum. To further identify PLGA-DAT conjugation, ^1^H-^13^C HSQC/HSQC-DEPT 2D and ^1^H-^13^C HMBC 2D NMR spectra were collected and also indicated that the PLGA was conjugated to DAT (Fig. [2](#Fig2){ref-type="fig"}). In the HSQC spectrum (Fig. [2a](#Fig2){ref-type="fig"}), the ^1^H/^13^C crosspeaks at 3.69 (h')/52.8, 2.60 (j')/25.5, and 2.55 (e')/41.2 ppm were attributed to methylene groups in the diamino linkage. Crosspeaks at 2.50 (f')/40.1, 1.15 (i')/30.0, and 3.88 (c')/71.6 belong to methylene groups in the aminopropanol linkage. The strong crosspeaks at 5.22 (k')/69.4 and 4.88 (g')/61.3 were attributed to methine and methane groups of the PLGA polymer units, and 1.46 (m')/16.8 ppm was attributed to the methyl end group in the PLGA. In the HMBC spectrum (Fig. [2b](#Fig2){ref-type="fig"}), ^1^H-^13^C correlations between H-h', j' and C-n' (3.69/170.9, 2.60/170.9, respectively) supported the PLGA-DAT structural assignment, further indicating that the PLGA was conjugated to DAT. Crosspeaks at 3.63/138.8, 3.63/142.0, and 3.63/173.0 ppm showed correlations between H-d' and C-a', o', l', respectively, of the tetrac part of the molecule.Figure 2(**a**) ^1^H-^13^C HSQC/HSQC-DEPT 2D NMR and (**b**) ^1^H-^13^C HMBC 2D NMR of PLGA-DAT in DMSO-D6.

Preparation and characterization of NDAT {#Sec4}
----------------------------------------

The cellular uptake of NPs may be size-dependent, and therefore a narrow distribution of NP sizes is important in considering clinical translation^[@CR46]--[@CR48]^. Nano-emulsions are kinetically stable liquid-in-liquid dispersions^[@CR49]^, however, particle size and size distribution are affected by shear force. Conventional sonication's drawbacks are the hard-to-form homogeneous shear force and formation of large temperature gradients^[@CR50],[@CR51]^. To eliminate inhomogeneous shear force that leads to nonuniform rupturing, we passed the crude emulsion through a microfluidizer, which contains a shearing geometry with a fixed narrow gap---this gap can produce uniform simple shear. A spatially uniform simple shear force and better heat transfer owing to large surface areas leads to the monodisperse emulsion of smaller droplets^[@CR52]^. After organic solvent is evaporated, PLGA-DAT can self-assemble to form NDAT in aqueous phase (Fig. [3a](#Fig3){ref-type="fig"}), and its biodegradable core is formed so that a chemotherapy drug can be encapsulated for controlled release for combination chemotherapy. Figure [3b](#Fig3){ref-type="fig"} shows the TEM image of NDAT prepared from PLGA-DAT. The overall diameter of NDAT was 95 ± 15 nm based on TEM measurement, which was confirmed with dynamic light scattering (DLS) (Supplementary Fig. [S4](#MOESM1){ref-type="media"}), and is in accordance with the typical sizes of NPs of polymers previously reported^[@CR53]^. Under TEM investigation, the bigger NDAT had better contrast because it contained more iodine per single NP. It should be noted that NDAT with surface protrusions was obtained. The formation of these protrusions is probably because of the presence of DAT on the surface of the NPs. DLS gives the hydrodynamic radius, while TEM gives the actual size of the particles. A single small molecule DAT will not be observed under TEM. TEM sample preparation typically consists of a drop-casting and drying process, and perhaps during the drying process there is assembly of several DATs within the NPs. Each DAT contains at least 4 iodine molecules and should have better contrast in TEM compared to the polymers (PLGA), thus the protrusions' morphology was observed. This was not observed in void PLGA because it does not contain any DAT. Zeta potential of NDAT was −9 mv based on DLS characterization.Figure 3(**a**) Schematic illustrations of PLGA-DAT polymer self-assembled into NDAT. (**b**) TEM image of NDAT. (**c**) Results for NDAT (black dashed line) formulation parameters and physicochemical properties.

A more favourable PK profile can be achieved with high drug loading of the PLGA NPs used^[@CR54]^. When we tried to remove PVA using a centrifugation method, the NPs aggregated and were difficult to disperse and had a low yield. The reason may be that the centrifugation forces and the presence of DAT on the surface of the NPs affected their stability. To reduce the amount of surfactant, we used TFF, which minimizes centrifugation forces and accumulation of NPs at the membrane surface. During TFF, solution volume was kept constant by adding new water as filtrate was removed. NDAT solution (0.5 mg/mL) was filtered at a flow rate of 20 mL/min, giving a flux of around 110 L/h × m^2^. Fifteen volumes of water were added compared to the initial feed volume to remove about 85% of the PVA and 98% of DCA using TFF. PVA was much more difficult to remove due to its low permeability and high molecular weight. The amount of PVA was determined with a colorimetric method based on the formation of PVA and iodine complex^[@CR55]^. A small amount of PVA was still binding on the surface of NPs after TFF purification. PVA and DCA have amphiphilic features, thus, they prefer to adsorb at a water/ethyl acetate interface. After ethyl acetate diffused into the aqueous phase, the droplets of emulsion shrank, and DAT had amphiphile structural features; it segregated into the water/ethyl acetate interface, a process that is driven by the minimization of the Helmholtz free energy. For long-term storage, 2% sucrose was added to the NPs as a cryoprotectant to prevent aggregation^[@CR56],[@CR57]^. Then, a small amount of PVA and DCA were kinetically trapped within the PLGA NP surface owing to the glassy nature of PLGA.

αvβ3-Ligand binding assay of tetrac, DAT, and NDAT {#Sec5}
--------------------------------------------------

Integrin αvβ3 is highly expressed in angiogenic endothelial cells and has been implicated in angiogenic processes. To evaluate the integrin αvβ3 binding ability of tetrac, DAT, and NDAT, we tested these compounds in a αvβ3-ligand binding assay. The 50% inhibitory concentration (IC~50~ value) of NDAT was 0.15 nM and of DAT was 0.32 nM, which were 416 and 195 times, respectively, higher than that of tetrac (62.4 nM) (Fig. [4](#Fig4){ref-type="fig"}). The higher binding affinity of NDAT may be attributed to a diamino linkage and could increase inhibitory activity to integrin αvβ3. Our group has previously compared potency of DAT and NDAT *in vitro* in a perfused MDA-MB breast cancer cell culture system for 9 days; results indicated that the antiproliferative effect of NDAT is greater than that of DAT because the DAT is distributed throughout the intracellular and extracellular volumes, whereas little NDAT enters the intracellular space^[@CR58]^. NDAT combines both delivery systems (active targeting via αvβ3 tumor targeting and its microenvironment as well as the passive EPR transport into leaky tumors). A NP surface carrying a number of DAT molecules is more effective than the αvβ3 antagonist DAT molecule.Figure 4Binding affinity of tetrac, DAT, and NDAT to purified αvβ3. Error bars represent standard deviation of the mean, n = 3.

Intracellular uptake and distribution of DAT and NDAT in U87 glioblastoma cells {#Sec6}
-------------------------------------------------------------------------------

To further understand NDAT's more effective binding to integrin αvβ3's cell surface receptor and its inability to enter cells, the intracellular uptake and distribution of DAT and NDAT in U87 glioblastoma cells with 4 hours' incubation was studied with confocal microscopy (Fig. [5](#Fig5){ref-type="fig"}). Results showed that DAT passed through cell membrane and penetrated to the cell nucleus, however, NDAT did not go to the nucleus. This observation is in a good agreement with experimental results reported previously^[@CR34]^.Figure 5Confocal microscopy images of U87 cells incubated for 4 hours with Cy5 dye-labelled DAT (**a**) and NDAT (**b**). DAT reached the nucleus, and NDAT was restricted from going inside the nucleus. Cells were counter-stained with DAPI (4′,6-diamidino-2-phenylindole) to visualize the nuclei: blue for DAPI and red for Cy5. Magnification, 63X.

LC-MS/MS determination of DAT and NDAT in plasma {#Sec7}
------------------------------------------------

In preparation for the *in vivo* mice study to determine the PK of DAT and NDAT, we tested DAT and PLGA-DAT (as a standard for NDAT because it is a single entity of NDAT) in blank mouse plasma and set up a liquid chromatography-tandem mass spectrometry (LC-MS/MS) method with in-source decay or fragmentation of PLGA-DAT and a simple extraction procedure with a short chromatographic run time (Fig. [6](#Fig6){ref-type="fig"}). The tandem mass spectrometer is a triple quadrupole system consisting of three quadrupoles (Q); Q1 and Q3 are mass filters and Q2 is a collision cell. The method developed here relies on in-source fragmentation of PLGA-DAT followed by MS/MS fragmentation of the DAT ion molecule that results from in-source decay. Briefly, after chromatographic separation, the PLGA-DAT underwent an in-source collision-induced dissociation (CID) in the ionization source of the mass spectrometer with an extremely high declustering potential (DP, 180 V), where the DAT was generated and used as the surrogate signal ions to quantify PLGA-DAT in samples, similar in concept as described for quantification of PEGylated compounds^[@CR59],[@CR60]^. Specifically, the tandem mass spectrum of the \[M + H\]^+^ m/z 862.9 precursor ion of DAT confirmed the integrity as shown in Fig. [6a](#Fig6){ref-type="fig"}. The predominant charged protonated precursor \[M + H\]^+^ of PLGA-DAT was observed at 862.9 m/z after the in-source CID, indicating that DAT was released from PLGA-DAT. The most abundant signal in product ion 845.7 m/z was observed after the further CID fragmentation of DAT ion molecule resulting from in-source decay. The mass difference between the parent ion and daughter ion was that of neutral loss of ammonia(Fig. [6b](#Fig6){ref-type="fig"}). When running LC-MS/MS at a low DP voltage (75 V), a broad peak of PLGA-DAT appeared due to the polymeric species being incompletely dissociated (data not shown). As expected, the PLGA-DAT eluted after DAT in the LC-MS/MS chromatogram. This is because the higher hydrophobicity of PLGA polymer increases its interaction with the column stationary phase in reversed phase HPLC. As shown in Fig. [6c](#Fig6){ref-type="fig"}, the 50 ng/mL of deuterium-labelled DAT-D7 (used as internal standard) and 150 ng/mL DAT exhibited good signal-to-noise (S/N) ratio and eluted as a sharp peak at the same retention time, 1.89 min. The detected S/N was higher, resulting in lower limit of quantitation (LOQ). Fifty ng/mL of DAT-D7 and 500 ng/mL PLGA-DAT exhibited good S/N ratio. Free DAT eluted as a single peak with a retention time of 1.89 min, whereas the PLGA-DAT conjugate eluted as a wide series of peaks around 2.40 min (Fig. [6d](#Fig6){ref-type="fig"}) due to the heterogeneity of PLGA-DAT. A small peak of PLGA-DAT showed the same retention time as DAT-D7 and this can be attributed to the physiological degradation of PLGA in mouse plasma and release of free DAT. The linear range of PLGA-DAT and DAT in multiple reaction monitoring (MRM) mode using electrospray ionization was 3 orders of magnitude and no saturation of response was observed up to 3000 ng/mL (Supplementary Fig. [S7a,b](#MOESM1){ref-type="media"}). The overall mean recoveries for DAT and PLGA-DAT were above 80% (Supplementary Fig. [S7c,d](#MOESM1){ref-type="media"}).Figure 6(**a**) Mass spectrum of DAT. (**b**) MRM transitions of PLGA-DAT after an in-source fragmentation. (**c**) LC-MS/MS chromatogram of DAT (blue) and deuterium-labelled DAT-D7 (red) as internal standard. (**d**) LC-MS/MS chromatogram of PLGA-DAT (blue) and DAT-D7 (red).

Pharmacokinetics of DAT and NDAT *in vivo* {#Sec8}
------------------------------------------

To test the ability of NDAT to enhance PK *in vivo*, we studied the plasma DAT level following administration of DAT/Cremophor EL and NDAT to mice. The logarithmic concentration time curve of DAT in plasma after s.c. injection of DAT/Cremophor EL and NDAT is shown in Fig. [7](#Fig7){ref-type="fig"}. C~max~ was at 2.8 hours after s.c. injection of DAT/Cremophor EL micelles, and the plasma DAT concentration was 548 ng/mL to 7 ng/mL from 0.25 hours to 48 hours. This result is similar to the clinical PK of paclitaxel/Cremophor EL in human blood^[@CR61],[@CR62]^. On the other hand, s.c. injection of the same DAT-equivalent dosage of NDAT resulted in a plasma DAT concentration of 4363 ng/mL to 189 ng/mL from 0.25 hours to 48 hours, which was 2 orders of magnitude higher. This was a 4-fold higher AUC~0--48h~ than for DAT/Cremophor EL, and lower clearance (2.4 mL/hour) than for DAT/Cremophor EL (9.1 mL/hour), reflecting the 10-fold difference in concentration^[@CR63]^. The plasma PK profile of NDAT is best described by a two-compartment model with a distributional phase (T~1/2~α = 0.4 hours) and elimination phase (T~1/2~ β = 15.5 hours). We know that NPs accumulate into extravascular tumor tissue through a passive process that requires a high plasma DAT level and can be maintained longer to facilitate time-dependent extravasation through the leaky tumor microvasculature. NDAT can result in higher DAT tumor concentration (Table [1](#Tab1){ref-type="table"}, and Supplementary Figs [S8](#MOESM1){ref-type="media"}, [S9](#MOESM1){ref-type="media"}). In these mouse PK studies of NDAT, the plasma NDAT level declined biophysically with a distributive T~1/2~α of 0.4 hours. The distribution phase appeared approximately 6 hours after administration of NDAT. Decline in the plasma concentration of DAT in the terminal phase is slow, and the plasma DAT level can maintain 300 ng/mL after 48 hours post-administration of NDAT. This high plasma level of DAT is associated with high systemic exposure consistent with paclitaxel conjugate with poly-L-glutamic acid, which is ongoing in a phase III trial (NCT00108745)^[@CR64],[@CR65]^. However, longer T~max~ (2.87 hours) of s.c. administered DAT/Cremophor EL was observed. A reason for this may be that DAT/Cremophor EL has slow transport through the extracellular matrix prior to reaching capillaries. The DAT/Cremophor EL declined in a monophasic manner. This may contribute to longer T~max~, and first distribution phase is not observed^[@CR66]^.Figure 7Mouse plasma DAT level versus time profiles. Different formulations of DAT/Cremophor EL micelles (black) and NDAT nanoformulation (red) were administered subcutaneously into mice at dose of 3 mg (DAT-equivalent)/kg body weight. NDAT was purified with dialysis (without using tangential flow filtration, TFF) before injection. Data are shown as mean ± SD (n = 4).Table 1Pharmacokinetic (PK) parameters of DAT and NDAT after s.c. injection into mice.FormulationAUC (ng h/mL)^a^C~max~ (ng/mL)^b^T~max~ (h)^c^T~1/2~ (h)^d^DAT^e^6568.4548.02.875.94NDAT^f^24876.44363.70.541.76^a^area under the concentration time curve; ^b^maximum plasma concentration; ^c^time taken to reach C~max~; ^d^overall elimination half-life (time for the drug concentration to reach half of its original value); ^e^diamino tetraiodothyroacetic acid/Cremophor EL micelles; ^f^PLGA conjugated diamino tetraiodothyroacetic acid nanoparticles.

NDAT versus DAT showed greater antiproliferative activity and inhibition of ERK phosphorylation (p-ERK1/2) without any significant effect on total ERK. Representative western blot bands for phospho-ERK1/2 and total ERK1/2 are shown in Fig. [S6](#MOESM1){ref-type="media"}.

Biodistribution of DAT and NDAT *in vivo* {#Sec9}
-----------------------------------------

Two distinct phases in the plasma DAT concentration versus time were observed (Fig. [7](#Fig7){ref-type="fig"}), and in the initial steep distributional phase, NDAT nanoformulation may enhance the delivery of DAT to different organs and therefore possibly cause certain side effects. Subsequently, biodistribution studies were performed by injecting s.c. 3 mg/kg of DAT/Cremophor EL micelles and NDAT into mice. Then, the DAT levels in plasma and harvested heart, lung, liver, spleen, and kidney were determined at 4 and 48 hours with LC-MS/MS (Fig. [8](#Fig8){ref-type="fig"}). Limited amounts of DAT were detected in plasma and all organs after 48 hours (Fig. [8b](#Fig8){ref-type="fig"}), indicating that clearance of DAT/Cremophor EL micelles was consistent with previous reports of Cremophor EL-mediated paclitaxel distribution^[@CR67]^. The concentration of NDAT was higher than DAT/Cremophor EL micelles in all tissues. Compared with DAT/Cremophor EL micelles, the biodistribution of NDAT at equivalent DAT dose showed an EPR effect for NPs. The highest concentrations of DAT were in the spleen, heart, and liver at 4 hours. Between 4 and 48 hours after administration, the DAT level in spleen, heart, and liver decreased 15-fold, 9-fold, and 3-fold, respectively. This may be because serum proteins bind to NDAT, which is then recognized by scavenger receptors on the macrophage cell surface^[@CR68]^. This result is also consistent with previous reports that introduction of RGD-based targeting moieties leads to an increase in immunogenicity and protein adsorption on the nanoparticles^[@CR69]^. PLGA nano has greater tendency to accumulate in the heart, which is in agreement with other PLGA nano delivery systems versus a PLGA-polyethylene glycol (PEG) nano system that showed lesser delivery into the heart^[@CR70]^. The exact mechanism is not clear except that PLGA NPs have high entrapment into the heart, which can be reduced by PEGylation. The toxicity of DAT is related to the free DAT level in different tissues, and here the free DAT level is relatively low because DAT was chemically conjugated with PLGA polymer, thus side effects from NDAT are expected to be less than from the free DAT form. To avoid accumulation of NDAT in tissues, once-a-week administration of NDAT should be selected for multi-dose administration.Figure 8Biodistribution of DAT administered subcutaneously into mice at equivalent DAT amount of 3 mg/kg body weight (**a**) as NDAT nanoformulation, and (**b**) as DAT/Cremophor EL micelles formulation. Shown are DAT amounts in plasma and major organs (heart, lung, liver, spleen, and kidney) determined at 4 and 48 hours. Data are shown as mean ± SD (n = 4), and all data have significance (P \< 0.001) for NDAT compared to DAT.

Xenograft tumor weight after NDAT treatment {#Sec10}
-------------------------------------------

To further study the antitumor effect, U87 glioblastoma cells were implanted in each flank of nude mice, and then the mice were treated daily for 27 days with void PLGA NPs or NDAT at equivalent DAT amounts of 0.1, 0.3, 1, and 3 mg/kg body weight (Fig. [9](#Fig9){ref-type="fig"}). NDAT at doses of 1 and 3 mg/kg led to significant reduction of tumor growth. Mean tumor weights were reduced by 61% for 1 mg/kg treatment and 83% for 3 mg/kg treatment. In contrast, treatment with low doses of NDAT (0.1 and 0.3 mg/kg) did not significantly reduce tumor weight. Our results agree with our hypothesis that anti-angiogenic therapy reduces glioma growth *in vivo* that is related to U87 glioblastoma cell regression following vascular reduction. Results also showed that tumor weight reductions after NDAT treatment are indeed dose-dependent.Figure 9Antitumor effect of 27 days daily subcutaneous administration of void PLGA NPs, NDAT at equivalent DAT of 0.1, 0.3, 1, and 3 mg/kg body weight treatment on U87 glioblastoma xenograft weight. Data are shown as mean ± SD (n = 4). For 1 mg/kg dose, \*P = 0.0187, for 3 mg.kg dose, \*P = 0.01109.

NDAT administered daily for 20 days at 1 mg/kg, s.c. resulted in greater tumor volume suppression versus DAT administered daily for 20 days at 10 mg/kg, s.c. (Fig. [10a](#Fig10){ref-type="fig"}). Neither DAT or NDAT at daily s.c. doses of 0.3, 1, 10, or 30 mg/kg body weight (DAT equivalent) for 2 weeks in male or female mice showed any histological changes in key organs examined including heart, lung, liver, kidney, and brain (data not shown).Figure 10(**a**) NDAT administered daily for 20 days at 1 mg/kg subcutaneously (s.c.) resulted in greater tumor volume suppression versus DAT administered daily for 20 days at 10 mg/kg, s.c. (**b**) Images for suppression of b-FGF-induced angiogenesis in the chick chorioallantoic membrane (CAM) model by DAT versus NDAT at 500 ng/CAM. Data illustrate greater anti-angiogenesis efficacy of NDAT versus DAT at the same concentration.

Chorioallantoic membrane assay of angiogenesis {#Sec11}
----------------------------------------------

The CAM model was used to simulate *in vivo* anti-angiogenic activities of NDAT. First, basic fibroblast growth factor 2 (FGF2, or b-FGF) was used to stimulate angiogenesis, and then equivalent DAT amounts of unconjugated DAT and NDAT were administered. DAT induced 48% inhibition of angiogenesis levels at 500 ng/CAM, while NDAT induced 45% inhibition of angiogenesis levels at low doses (50 ng/CAM), which was 10-fold less than that of unconjugated DAT (Table [2](#Tab2){ref-type="table"}). This result is similar to our previous human medullary thyroid carcinoma xenograft study in nude mice^[@CR33]^. PLGA-tetrac NPs with one-tenth of tetrac doses achieved the same angiogenesis inhibition as that of unconjugated tetrac. We presume that the successful treatment is due to two reasons: (1) NDAT improves the solubility of DAT and is more likely to freely pass through the surface epithelium and reach the vessels in the stroma^[@CR71]^, and (2) NPs prohibit cell entry of DAT and improve the efficiency of DAT's action at the hormone receptor on the extracellular domain of plasma membrane integrin αvβ3. NDAT has greater potency than unmodified DAT at the integrin and affects a broader range of cancer-relevant genes^[@CR25]^. Images for suppression of b-FGF-induced angiogenesis in the CAM model by DAT versus NDAT at 500 ng/CAM are shown in Fig. [10b](#Fig10){ref-type="fig"}. Data illustrate greater anti-angiogenesis efficacy of NDAT versus DAT at the same concentration.Table 2DAT versus NDAT on fibroblast growth factor 2 (FGF2)-stimulated angiogenesis in the CAM.Test agentsTotal number of branch pointsMean % inhibition of branch point formationPBS80.1 ± 3.9---FGF2 (1250 ng/mL)117.3 ± 2.6---Total \# of branches \[FGF2 - PBS (avg.)\]37.1 ± 2.6---FGF2 + DAT 50 ng/CAM30.9 ± 616.8 ± 16.1FGF2 + DAT 500 ng/CAM19. 2 ± 448.2 ± 10.8FGF2 + NDAT 50 ng/CAM20.2 ± 4.445.5 ± 11.9FGF2 + NDAT 500 ng/CAM11.1 ± 4.270.2 ± 11.2Data represent mean ± SEM, n = 8.

Conclusions {#Sec12}
===========

In summary, we demonstrated a facile approach to prepare DAT-conjugated PLGA NPs (NDAT). A rapid and reliable LC-MS/MS method was developed to evaluate the fate of DAT in mouse plasma following administration by s.c. injection into mice of unconjugated DAT and NDAT. In PK studies, NDAT remained in plasma at a concentration 10 times higher than unconjugated DAT. In a CAM growth factor-mediated angiogenesis model, NDAT at one-tenth the dose of tetrac can achieve the same vascular supply decrease as that of unconjugated DAT due to the NPs' preferential tumor accumulation, which can increase efficacy and decrease toxicity. NDAT at 1 and 3 mg/kg significantly decreased U87 tumor growth in mice. Our study may help to improve understanding of the mechanisms of NDAT and guide future preclinical trials. The self-assembled NDAT may find promising applications in combining anti-angiogenics with chemotherapy.

Methods {#Sec13}
=======

Materials {#Sec14}
---------

Diamino tetraiodothyroacetic acid (DAT), deuterium-labelled DAT-D7 as internal standard, and DAT-conjugated PLGA polymer (PLGA-DAT) were synthesized by DPx Fine Chemicals (Regensburg, Germany). PLGA (average MW 8,000 g/mol), lactide:glycolide (79:21), Cremophor EL, acetonitrile (\>99%), DMSO (99.9%), ethyl acetate (99.8%), poly (vinyl alcohol) (PVA, hydrolysed 88%, average MW 31,000 g/mol), deoxycholic acid (DCA, \>99%), formic acid (\>99.5%), and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification unless otherwise noted. Freeze-drying was performed using a Millrock Tech MD85 Console Manifold Freeze Dryer (Millrock Technology, Kingston, NY). Deionized water with resistivity of 18.0 MΩ was used in all experiments. Purified αvβ3 and anti-αvβ3 conjugated with biotin were obtained from Bioss Inc (Woburn, MA), streptavidin HRP conjugate were from Thermo Fisher Scientific (Grand Island, NY), fibrinogen was from Millipore Sigma (Burlington, MA), Cy5-NHS dye was from Lumiprobe (Hunt Valley, MD), and 3,3′,5,5′-tetramethylbenzidine (TMB) and TMB-stop solution were from ABCAM Inc (Cambridge, MA). Blank mouse plasma for the PK study of PLGA-DAT versus DAT was from BioreclamationIVT (Westbury, NY).

Preparation of DAT/Cremophor EL formulation {#Sec15}
-------------------------------------------

DAT (10 mg) was dissolved in 0.4 mL Cremophor EL/ethanol (1:1, v/v) and then added to 2 mL of water. The solution was sonicated for \~30 seconds using a probe sonicator. An optically transparent nano-emulsion formulation was obtained^[@CR72]^. The nano-emulsion size was confirmed using dynamic light scattering (DLS).

Preparation of NDAT via single emulsion/solvent diffusion process {#Sec16}
-----------------------------------------------------------------

PLGA-DAT (100 mg) was dissolved in ethyl acetate (10 mL), yielding a 10 mg/mL polymer solution that was stirred for 30 minutes at room temperature. Subsequently, the polymer solution was added dropwise to water (100 mL) containing PVA (1 g) and DCA (1 g) and sonicated for 2 minutes. The crude emulsion was passed through a high shear force LM 10 microfluidizer (Microfluidics Corp., Westwood, MA) at 20,000 psi. The entire solution was passed through the microfluidizer 3 to 5 times until samples had uniform size. Nano-emulsion size was also confirmed with DLS. The solutions were dialyzed against water using a dialysis membrane (MWCO 12--14 kDa) for 2 days to remove ethyl acetate. To remove residual emulsifier, a tangential flow filtration system (TFF, Pall Corp., Port Washington, NY) with a 300 kDa MWCO membrane was used, and the residual emulsifier was evaluated^[@CR55],[@CR73]^.

Freeze-drying {#Sec17}
-------------

The freeze-drying procedure was performed to impart stability and improve the shelf-life of the developed formulations. In brief, 100 mL of the NP suspension was placed in a 600 mL glass flask. Sucrose 2% (w/v) was added as a cryoprotectant to preserve the NP properties during the freezing step. Then the solution was frozen at −85 °C for 12 hours and afterward it was sublimated for 48 hours under pressure of 20 mT at room temperature. Finally, the NPs were collected and preserved in a freezer at 4 °C for later evaluation and analysis^[@CR57]^.

Determination of the DAT conjugation efficiency and loading capacity {#Sec18}
--------------------------------------------------------------------

The conjugation efficiency of DAT into NDAT was determined by analysing centrifuged NDAT compared to the initial amount of DAT^[@CR74]^. After lyophilization, the weighed NDAT powder was dispersed in 15 mL acetonitrile and sonicated for 10 minutes until a clear solution was observed. The amount of DAT in the acetonitrile was determined at 227 nm using HPLC. DAT conjugation efficiency was 98%, and DAT loading capacity was 9% w/w, which were calculated from Eqs [1](#Equ1){ref-type=""} and [2](#Equ2){ref-type=""}, respectively:$$\documentclass[12pt]{minimal}
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Confocal fluorescence microscopy imaging {#Sec19}
----------------------------------------

U87 cells were plated on a coverslip in a 6-well plate at 0.5×10^6^ cells/mL with appropriate growth media and allowed to attach for about 24 hours. Then the media was aspirated and 1 mL of fresh media was added. Cells were treated with 100 uL of Cy5-NDAT and Cy5-DAT for 4 hours. After incubation, the cells were removed and washed several times with PBS and then fixed in 1% formaldehyde (Sigma-Aldrich). Confocal imaging was performed using a Leica TCS SP5 confocal microscope with a 63x objective. A 633 nm laser was used for excitation, and emission was detected between 650 nm and 720 nm.

PK study of DAT and PLGA-DAT (as standard for NDAT) in blank mouse plasma with LC-MS/MS {#Sec20}
---------------------------------------------------------------------------------------

LC-MS/MS analysis was performed on an API 4000 triple quad mass spectrometer (ABSCIEX, Framingham, MA) configured with a Shimadzu LC-20AD pumping system, a SIL-20AC auto sampler, and CTO-20AC column oven. The system was operated under Analyst 1.62 control. Chromatographic separation of DAT was achieved on a Discovery® BIO (Sigma-Aldrich) Wide Pore C18 300 Å column, 50 × 2.1 mm ID, packed with 3.0 μm particles and the flow rate was 0.4 mL/minute under gradient conditions: 25--92% B in 2.8 min, 92% B in 1 min, and 98--25% in 1 min, where solvent A was 0.2% formic acid in water and solvent B was 0.1% formic acid in 90% acetonitrile and 10% isopropanol. The total run time was 6 minutes. The column oven temperature was 35 °C and sample injection volume was 10 µL. Multiple ion monitoring (MRM) transitions for PLGA-DAT, DAT, and internal standard DAT-D7 were m/z 862.9 \> 845.9 with a declustering potential (DP) of 180 V, 862.9 \> 845.7 with a DP of 95 V, and 869.9 \> 851.7 with a DP of 95 V, respectively. The instrument was operated in a positive ion mode with a turbo V electrospray source, with parameters: curtain gas, 20 psi; heated nebulizer temperature 500 °C; ion spray voltage, 4500 V; gas 1, 60 psi; gas 2, 55 psi; EP, 10 V; CE, 44 V; CXP, 27 V; and collision gas, 6.0 psi. Dwell time for each transition was 150 ms. Calibration curves were plotted using linear regression with a weight factor of 1/x. PK data analysis was carried out using WinNonlin software (version 5.2, Pharsight, Mountain View, CA) with one compartment first order, no lag time, first order elimination and two compartments first order, macro-constants, no lag time, first order elimination. The area from 0 to 48 hours under the DAT concentration time curve was used to determine the area under the curve (AUC). All other parameters including C~max~, T~max~ and t~1/2~ were determined with WinNonlin software as well.

To determine the concentration of PLGA-DAT in mouse plasma, 20 µL plasma was added to 10 µL of 50 ng/mL DAT-D7 and then extracted with 200 µL of acetonitrile by vortexing vigorously and sonicating for 15 minutes, followed by centrifugation at 18,800 × *g* for 50 minutes at 4 °C. Supernatant (200 µL) was removed and dried under N~2~. Dried samples were reconstituted with 0.1% formic acid in 100 µL of 40% acetonitrile and the mixture was vortexed. The 20 µL sample was used for LC-MS/MS analysis as described above for DAT. To determine accuracy and precision, two calibration curves for DAT and PLGA-DAT were prepared by spiking DAT and PLGA-DAT at different concentrations (0.5 to 1000 ng/mL) into 20 µL mouse plasma using a 2-fold series dilution method. DAT and PLGA-DAT were extracted and analysed with LC-MS/MS. Ratios of peak areas to the corresponding internal standard DAT-D7 were plotted against DAT and PLGA-DAT concentrations. Calibration curve fitting was done with linear regression, and the standard deviation value was within ± 20%. In order to pass our acceptance criteria, no more than 2 standard levels or 2 adjacent standard deviations in the calibration curve could fail.

Animals {#Sec21}
-------

All animal studies were conducted at the animal facility of the Veteran Affairs Medical Center, Albany, NY, in accordance with the institutional guidelines for humane animal treatment and according to the current NIH guidelines. Animal protocols were approved by the Veteran Affairs Medical Center Institutional Animal Care and Use Committee (Albany, NY).

*In vivo* PK study {#Sec22}
------------------

Male C57BL/6 mice were aged 5--6 weeks, weighed 18--20 g, and were purchased from Harlan Laboratories (Indianapolis, IN). Mice were maintained under specific pathogen-free conditions and housed 5--6 per cage under controlled conditions of temperature (20 ± 2 °C), humidity (50 ± 10%), and 12 hours light/dark cycle. Animals were fed a standard pelleted mouse chow. Mice were allowed to acclimatize for 5 days prior to the start of the study. A total of 12 mice were randomized by weight into 3 groups (n = 4). Mice were not anesthetized during the study. The total volume of the DAT or NDAT solution administered was 0.12 mL. The DAT/Cremophor EL formulations were administered parenterally at doses of 3 mg/kg and 30 mg/kg body weight, and NDAT formulations were administered at a dose of 3 mg DAT-equivalent/kg body weight. Blood (30 µL) was collected using a heparinized capillary from the retro orbital venous plexus at 0.25, 0.5, 1, 3, 6, 12, 24, and 48 hours post administration for PK profile determination using established LC-MS/MS methods on the API 4000 triple quad mass spectrometer.

*In vivo* biodistribution study {#Sec23}
-------------------------------

Male C57BL/6 mice as described above were used for treatment and subsequent tissue sample collection for a biodistribution study. Sixteen mice were randomized by weight into 4 groups (n = 4 each). Single doses at equivalent DAT amount of 3 mg/kg body weight were administered s.c. of DAT/Cremophor EL micelles (2 groups of mice) or of NDAT (2 groups of mice). One group of DAT-treated and one group of NDAT-treated mice were sacrificed at 4 hours, and the other two groups were sacrificed at 48 hours. After sacrifice, blood, liver, spleen, kidney, lungs, and heart were harvested and homogenized with 1 mL of acetonitrile, followed by centrifugation at 18,800 *x g* for 30 minutes at 4 °C. Supernatant (1 mL) was removed and dried under N~2~. Dried samples were reconstituted with 0.1% formic acid in 100 µL of acetonitrile.

Xenograft tumor weight study {#Sec24}
----------------------------

Human glioblastoma U87 cells (ATCC, Manassas, VA) were used for the tumor weight study. Cells were grown in DMEM supplemented with 10% fetal bovine serum, 1% penicillin, and 1% streptomycin. Cells were cultured at 37 °C to sub-confluence and treated with 0.25% (w/v) trypsin/EDTA to effect cell release from culture flask. Twenty immunodeficient, female NCr nude homozygous mice (Envigo, Indianapolis, IN) were aged 5--6 weeks and weighed between 18 and 20 g. Mice were implanted s.c. with 2 × 10^6^ U87-luc cells in each flank. After 2 weeks when the tumor reached targeted volume (\<2,000 mm^3^), the mice were randomized according to tumor volume into 5 groups (n = 4 each). Mice were treated daily for 27 days s.c. with void PLGA NPs, or NDAT at equivalent DAT amounts of 0.1, 0.3, 1, and 3 mg/kg body weight. All mice were sacrificed after 27 days and tumors were harvested.

CAM growth factors-mediated angiogenesis assay {#Sec25}
----------------------------------------------

The relative anti-angiogenesis potency of DAT and NDAT were examined in the chick chorioallantoic membrane (CAM) model of angiogenesis as previously described^[@CR75]--[@CR77]^, using ten-day old chick embryos. Fibroblast growth factor 2 (FGF2, 1 μg/mL, dissolved in PBS), was used as a standard pro-angiogenic agent to induce new blood vessel branches on the CAM. Sterile 1.0 cm diameter disks of \#1 filter paper were pretreated with 3 mg/mL cortisone acetate and air dried under sterile conditions. PBS (control) and FGF2 with DAT or NDAT (50 and 500 ng/CAM) were then applied to the pretreated disks and dried. The disks were placed on growing CAMs in an area between pre-existing vessels. After incubation at 37 °C with 55% relative humidity for 3 days, the CAM tissue directly beneath each filter disk was resected from the control and treated CAM samples. Tissues were washed 3 times with PBS, placed in 35-mm Petri dishes and examined under an SV6 stereomicroscope (Karl Zeiss, Thornwood, NY) at 50x magnification. Digital images of the CAM sections were collected using a 3-CCD color video camera system, and analyzed with Image-Pro software (Media Cybernetics, Silver Spring, MD). The numbers of vessel branch points contained in a circular region equal to the area of each filter disk were counted. One image was counted in each CAM preparation, and findings from 8 CAM preparations/group were used for each treatment condition.

Statistics {#Sec26}
----------

Statistical values reported were calculated with GraphPad Prism 7 software (GraphPad, San Diego, CA) and statistical significance was defined as P \< 0.05.
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